Equine herpesvirus-1 (EHV-1) is a member of genus *Varicellovirus*, subfamily *Alphaherpesvirinae*, family *Herpesviridae* and order *Herpesvirales*. EHV-1 distributed worldwide \[[@r2]\] and is a major cause of respiratory disease in horses, resulting in serious economic losses in the horse industry. In addition, EHV-1 causes epidemic and sporadic abortion in mares and myeloencephalopathy \[[@r1], [@r9], [@r24]\].

Acquired immunity induced by natural infection or vaccination against EHV-1 is generally short-lived, and consequently, horses may suffer from repeated infections \[[@r28]\]. Herpesviral glycoproteins are essential in infection processes including virus adsorption, penetration and cell-to-cell spread and play significant roles in eliciting both humoral and cellular immune responses in horses \[[@r19], [@r20]\]. In EHV-1, eleven viral glycoproteins, gB (gp14), gC (gp13), gD (gp18), gE, gG, gH, gI, gK, gL, gM and gN are conserved in comparison with those of other alphaherpesviruses. However, glycoprotein2 (gp2) is encoded only in equine alphaherpesviruses, EHV-1, equine herpesvirus-4 (EHV-4) and asinine herpesvirus 3 (AHV-3) \[[@r20]\]. These twelve glycoproteins of EHV-1 are possible candidates for vaccine antigens. In some glycoproteins of herpesviruses, co-expression with different glycoproteins was often required for efficient expression and protein folding \[[@r10], [@r13], [@r15], [@r19], [@r21], [@r22]\], but the detail in EHV-1was still unclear. To characterize their immunogenicity and functions, twelve glycoproteins of EHV-1 were expressed *in vitro* and characterized using established monoclonal antibodies (MAbs) against EHV-1 and sera collected from EHV-1-infected horses.

MATERIALS AND METHODS {#s1}
=====================

*Cells*: FHK-Tcl3.1 \[[@r3], [@r17]\] and 293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM; GIBCO, Grand Island, NY, U.S.A.) supplemented with 10% heat-inactivated fetal calf serum (FCS; JR Scientific, Woodland, CA, U.S.A.), 100 units/m*l* penicillin and 100 *µ*g/m*l* streptomycin (GIBCO) at 37°C under 5% CO~2~. The myeloma cell line P3U1 was maintained in RPMI1640 medium (GIBCO) supplemented with 10% heat-inactivated FCS, 100 units/m*l* penicillin, 100 *µ*g/m*l* streptomycin and 55 *µ*M of 2-mercaptoethanol (2-ME) (GIBCO) at 37°C under 5% CO~2~.

*Viruses*: EHV-1 strain 89c25 was isolated from a racehorse with respiratory disease caused by EHV-1 respiratory infection \[[@r18]\]. 89c25 was plaque-purified three times in primary fetal horse kidney (FHK) cells and designated as 89c25p. EHV-1 was propagated in FHK-Tcl3.1 cells. EHV-4 TH20p strain \[[@r11], [@r14]\] was propagated in FHK-Tcl3.1 cells and was used for indirect immunofluorescence assay (IFA).

*Construction of expression plasmids*: For expression of glycoproteins of EHV-1, each gene was amplified from the genome of EHV-1 89c25p by polymerase chain reaction (PCR) using primers. PCR was performed by using Takara LA PCR Kit Ver. 2.1 (Takara, Otsu, Japan), and the amplified fragments were digested with restriction enzymes and were then cloned into the expression plasmid pCAGGS, which was kindly provided by Dr. Miyazaki (Osaka University). The nucleotide sequences of at least two constructed plasmids were determined using a Big Dye Terminator v3.1 kit (Applied Biosystems, Foster City, CA, U.S.A.). All plasmids were purified by QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany) or QIAfilter plasmid Midi Kit (QIAGEN).

*Expression in 293T cells*: 293T cells were transfected with purified plasmids using polyethylenimine (PEI). Briefly, 3.2 *µ*g of plasmid were mixed with 8 *µl* of PEI (2 mg/m*l*) and were then transfected to 293T cells in 6 wells plate (Sumitomo Bakelite, Tokyo, Japan), as reported previously \[[@r5]\].

*Production of MAbs*: BALB/c mice (female, aged six weeks) were intraperitoneally inoculated with 1 × 10^5^ PFU of EHV-1 three times at an interval of three or four weeks. At 3 to 7 days after final immunization, splenocytes were collected and fused with P3U1 myeloma cells using 50% polyethylene glycol solution (Hybri-Max^TM^; Sigma, St. Louis, MO, U.S.A.). Hybridoma cells were selected in GIT media (Wako, Osaka, Japan) containing hypoxanthine aminopterin thymidine supplement (HAT) (GIBCO), 10% BM-condimed H1 hybridoma cloning supplement (Roche Diagnostics, Mannheim, Germany) and 10% FCS for 7 days at 37°C under 5% CO~2~. Supernatants of hybridomas were screened by virus-neutralization (VN) test and/or IFA. Hybridoma cells secreting EHV-1-specific MAbs were cloned twice by limiting dilution method and were then inoculated into BALB/c mice pretreated with pristane (Sigma) for preparation of ascites.

*VN test*: In order to detect VN activity, supernatants of hybridoma or diluted ascites were mixed with EHV-1 for 60 min at 37°C, and then, the mixtures were directly inoculated into FHK-Tcl3.1 cells that were washed with DMEM without FCS. Control was carried out without hybridoma or ascites. After incubation for 60 min at 37°C under 5% CO~2~, cells were washed twice with DMEM without FCS and overlaid with 0.8% agarose (SeaPlaque GTG agarose; Lonza, Rockland, ME, U.S.A.) in DMEM containing 10% FCS. Plates were placed at 37°C in 5% CO~2~ for 3 days, and cells were fixed with 5% buffered formaldehyde. Agarose layers were removed, and cells were stained with crystal violet. The number of plaques was counted, and hybridoma or diluted ascites that reduced the number of plaques by more than 50% in comparison with the mean number of plaques in control wells was considered to be positive.

*IFA*: Virus-infected FHK-Tcl3.1 cells or plasmid-transfected 293T cells were collected, washed with PBS three times and placed on 24-well microscope slides (Matsunami Glass, Osaka, Japan). After fixation with cold acetone for 30 min, cells were incubated with MAbs for 60 min at 37°C. Cells were then washed three times in PBS and incubated with goat anti-mouse Ig(H+L)-FITC human-adsorbed (Southern Biotech, Birmingham, AL, U.S.A.) for 30 min at 37°C. After washing three times, fluorescence was observed under a Nikon Optiphot 2 EFD3 fluorescence phase contrast microscope (Nikon, Tokyo, Japan).

*Immunoblot analysis*: Virus-infected FHK-Tcl3.1 cells or plasmid-transfected 293T cells were extracted with RIPA \[25mM Tris-HCl (pH 7.6), 150 mM sodium chloride (NaCl), 1% sodium dodecyl sulfate (SDS), 1% sodium deoxycholate and 1% Triton X-100\] and then dissolved in 2×SDS sample buffer (125 mM Tris-HCl, 4% SDS, 40% glycerol and 0.002% bromophenol blue) with or without 2-ME or directly dissolved in 1×SDS sample buffer with or without 5% 2-ME. After boiling for 3 min, samples were loaded on SDS-polyacrylamide gel (PAGE), and electrophoresis was carried out in SDS buffer (25 mM Tris, 192 mM glycine and 0.1% SDS). Then, proteins were transferred to polyvinylidene difluoride (PVDF) membrane (Immobillon; Millipore, Billerica, MA, U.S.A.) by semi-dry blotting apparatus (Biocraft, BE-310, Tokyo, Japan). After membranes were reacted with 3% gelatin (Bio-rad, Hercules, CA, U.S.A.) in TBS (20 mM Tris-HCl and150 mM NaCl, pH 7.5) for 30 min at 37°C, they were then washed three times with TBS containing 0.05% Tween 20. After washing, the membrane was incubated with diluted horse sera or MAbs for 1 hr at 37°C as primary antibody, followed by incubation with the peroxidase-conjugated F(ab)~2~ fragment of anti-horse IgG(H&L) goat (Rockland, Gilbertsville, PA, U.S.A.) or peroxidase-conjugated goat affinity purified antibody against mouse imunoglobulins IgG, IgA and IgM (Cappel, Solon, OH, U.S.A.) for 30 min at 37°C as secondary antibody. All antibodies were diluted with TBS containing 0.05% Tween 20 and 1% gelatin. The reaction was visualized using 0.03% diaminobenzidine (Wako) and 0.009% H~2~O~2~ (Wako) in TBS.

*Sera*: Sera were collected from three foals that were experimentally infected with EHV-1 89c25p \[[@r27]\]. Serum specific to EHV-1 gE was collected from BALB/c mice immunized with fusion protein of glutathione S-transferase and gE(169-201) \[[@r4]\].

*Immunoglobulin class and subclass*: Immunoglobulin class and subclass of MAbs were determined using mouse monoclonal antibody isotyping kit (Roche).

RESULTS {#s2}
=======

*Sequence analysis of each glycoprotein of EHV-1 strain 89c25p*: Nucleotide sequences of at least two cloned genes encoding each glycoprotein of 89c25p were determined and compared with those of EHV-1 strain Ab4 \[[@r26]\]. The results showed that the amino acid sequences of gC, gD, gE, gG, gH, gI, gK, gL and gN of 89c25p were identical to those of Ab4, but those of gp2, gB and gM were different at positions 95 (Serine to Phenylalanine), 938 (Lysine to Glutamic acid) and 84 (Methionine to Lysine), respectively (data not shown). These plasmids were designated as pCAG-gp2-1 pCAG-gB-1, pCAG-gC-1, pCAG-gD-1, pCAG-gE-1 pCAG-gG-1, pCAG-gH-1, pCAG-gI-1, pCAG-gK-1, pCAG-gL-1, pCAG-gM-1 and pCAG-gN-1.

*Expression of EHV-1 glycoproteins in 293T cells*: Twelve expression plasmids encoding each glycoprotein were transfected into 293T cells, and expression was examined by immunoblot analysis using horse sera. Expressed gp2, gB, gC, gD, gG and gI were detected, but gE, gH, gK, gL, gM and gN were not. Three bands with molecular masses of approximately 230, 65 and 42 kilo Daltons (kDa) were detected in pCAG-gp2-1-transfected cells, two bands of 148 and 135 kDa were detected in pCAG-gB-1-transfected cells, two bands of 150 and 68--75 kDa were detected in pCAG-gC-1-transfected cells, one band of 50 kDa was detected in pCAG-gD-1-transfected cells, two bands of 100 and 50 kDa were detected in pCAG-gG-1-transfected cells, and two bands of 140 and 65 kDa were detected in pCAG-gI-1-transfected cells (data not shown).

*Establishment and characterization of MAbs*: In order to characterize EHV-1 glycoproteins, nine MAbs against EHV-1 strain 89c25p were produced ([Table 1](#tbl_001){ref-type="table"}Table 1.Characterization of MAbs against EHV-1MAbsIsotypeProteinsVN titerIFAImmunoblot analysis ^a)^EHV-1EHV-48H11IgG2agp2\<1:101:1,280\<1:100+5F8IgMgC1:801:1,600\<1:100+1G10IgMgC1:6401:800\<1:100+8H4IgMgC1:1,2801:800\<1:100+8B2IgMgC1:3,2001:1,600\<1:100--5F12IgMgB\<1:101:1,280\<1:100+7E11IgMgB\<1:101:1,280\<1:100+6F4IgG2agB\<1:101:20,4801:800+6G12IgMgB\<1:101:1,2801:800+a) Immunoblot analysis was carried out under non-reducing conditions.). Four MAbs, 5F8, 1G10, 8H4 and 8B2, had VN activity against EHV-1, and all were specific to gC ([Table 1](#tbl_001){ref-type="table"}, [Fig. 1C](#fig_001){ref-type="fig"}Fig. 1.Comparison of gp2, gB and gC expressed in plasmid-transfected 293T cells and EHV-1-infected FHK-Tcl3.1 cells. Immunoblot analysis was carried out under non-reducing conditions. MAbs, 8H11(A), 5F12 (B) and 1G10 (C) were used as primary antibodies.). Four MAbs, 5F12, 6F4, 6G12 and 7E11, were specific to gB ([Table 1](#tbl_001){ref-type="table"}, [Fig.1B](#fig_001){ref-type="fig"}), and two, 6F4 and 6G12, cross-reacted with EHV-4 ([Table 1](#tbl_001){ref-type="table"}). One MAb 8H11 was specific to gp2 ([Table 1](#tbl_001){ref-type="table"}, [Fig. 1A](#fig_001){ref-type="fig"}). All MAbs did not recognize glycoproteins on immunoblot analysis under reducing conditions (data not shown). In addition, the molecular masses of gp2, gB and gC expressed in 293T cells were similar to those in EHV-1-infected cells ([Fig. 1A--C](#fig_001){ref-type="fig"}). Interestingly, the molecular mass of gp2 detected by MAb 8H11 was over 250 kDa and was different from those detected in horse sera, 230, 65 and 42 kDa ([Figs. 1A](#fig_001){ref-type="fig"} and [3B](#fig_003){ref-type="fig"}).

*Co-expression of glycoproteins*: EHV-1 gE and gI, gM and gN and gH and gL were co-expressed in 293T cells, meaning that co-expressed gE and gI, and gM and gN reacted strongly with horse sera, but co-expressed gH and gL did not ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Co-expression of EHV-1 glycoproteins. Plasmids pCAG-gE-1 and pCAG-gI-1 (A), pCAG-gM-1 and pCAG-gN-1 (B) and pCAG-gH-1 and pCAG-gL-1 (C) were co-transfected into 293T cells. Immunoblot analysis was carried out under non-reducing conditions. Sera collected from horses experimentally infected with EHV-1 were used as primary antibody. The amount of plasmid DNA transfected into 293T cells in 35 mm dishes is noted under each figure.). With co-expression of gE and gI, two additional bands other than gI-specific bands with molecular masses of 80--90 and 250 kDa were seen ([Figs. 2A](#fig_002){ref-type="fig"} and[3A](#fig_003){ref-type="fig"}). Furthermore, mouse antibody specific to gE also recognized two bands with molecular masses of 80--90 and 250 kDa with co-expressed gE and gI, but not with individually expressed gE and gI ([Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.(A) Comparison of co-expressed gE and gI by immunoblot analysis using mouse sera specific to gE (169-201) and horse sera specific to EHV-1. Closed arrowheads show gE-specific bands and open arrowheads do gI-specific bands. (B) Comparison of molecular masses of gp2 detected by MAb 8H11 and horse sera specific to EHV-1. Immunoblot analysis was carried out under non-reducing conditions. Closed arrowheads show gp2-specific bands.). With co-expression of gM and gN, one band with a molecular mass of over 250 kDa was observed ([Fig.2B](#fig_002){ref-type="fig"}).

DISCUSSION {#s3}
==========

In this study, twelve glycoproteins in EHV-1 were analyzed using horse sera against EHV-1 and established MAbs. In expression systems for single glycoproteins, gp2, gB, gC, gD, gG and gI reacted strongly with horse sera (data not shown). Although high immunogenicity has been reported for gp2, gB, gC, gD and gG \[[@r6],[@r7],[@r8]\], it is interesting that the immunogenicity of gI was also high. Furthermore, gp2, gB and gC expressed in 293T cells were similar to those expressed in EHV-1-infected cells ([Fig. 1](#fig_001){ref-type="fig"}), indicating that these proteins were mature when expressed *in vitro*.

We reported that EHV-1 gE is able to induce antibodies in horses and that the 20 amino acids of gE at positions 169 to188 were a useful antigen for ELISA to differentiate EHV-1 and EHV-4 infections \[[@r4]\]. However, gE expressed in 293T cells was not recognized by horse sera ([Figs. 2A](#fig_002){ref-type="fig"} and[3A](#fig_003){ref-type="fig"}). After co-expression with gI, gE strongly reacted with horse sera against EHV-1 and mouse antibody specific to gE ([Fig. 3A](#fig_003){ref-type="fig"}), indicating that gI might be required for efficient expression of gE. In EHV-4, gE (95kDa) was co-precipitated with gI (75kDa) by immunoprecipiration using anti-gI serum, but not by anti-gE serum \[[@r12]\]. It is unknown whether two bands, 80--90 and 250 kDa, in co-expressed gE and gI contain only gE or complex of gE and gI. Further experiment will be required to clarify the role of gI in expression of gE.

As shown in [Fig. 2B](#fig_002){ref-type="fig"}, over 250 kDa proteins in co-expressed gM and gN strongly reacted with horse sera against EHV-1, indicating that gM/gN complex is important for antigenicity in horses. In a previous study, it was reported that gN is necessary and sufficient for functional processing of gM \[[@r21]\]. Therefore, we speculated that immature gM and gN are expressed in a single expression system and that coexpression of gM and gN induces maturation of gM and enhances the antigenicity. However, it is still unknown whether over 250 kDa protein contains only gM or both gM and gN.

In EHV-1, it is reported that co-expression of gH and gL is important for efficient expression and for induction of protective immunity \[[@r15], [@r23]\]. Therefore, coexpression of gH and gL was examined, but reactions with horse sera were not observed ([Fig. 2C](#fig_002){ref-type="fig"}). It is unknown whether antigenicity of EHV-1 gH and gL against horse is low or whether another protein is required for maturation of EHV-1 gH and gL.

Horse sera against EHV-1 and MAb against gp2 recognized different molecular masses of gp2, 230, 65 and 42 kDa and over 250 kDa, respectively ([Figs. 1](#fig_001){ref-type="fig"}A and[3](#fig_003){ref-type="fig"}B). EHV-1 gp2 is rich in serine and threonine residues and is a heavily *O*-glycosylated protein with a molecular mass in the range of 192 to 400 kDa \[[@r25], [@r26], [@r29]\]. Furthermore, it has been reported that gp2 is cleaved into a highly glycosylated *N*-terminal subunit (over 200 kDa) and *C*-terminal subunit (42 kDa) \[[@r16]\]. Therefore, horse sera against EHV-1 and MAb 8H11 might recognize different positions of gp2, the *C*-terminal subunit and glycosylated *N*-terminal subunit, respectively.

In conclusion, our results showed that efficient expression and/or maturation of two glycoproteins, gE and gM, requires co-expression of gI and gN, respectively. In addition, these materials, expression plasmids and MAbs, may be useful for further analysis of EHV-1 glycoproteins.
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